INTRODUCTION {#s1}
============

Clostridium difficile is one of the most important nosocomial pathogens in the world ([@B1], [@B2]). Clinically apparent C. difficile infection (CDI) is most often caused by antibiotics that disrupt the gastrointestinal microbiota, permitting the overgrowth of C. difficile and the production of toxins A and B (TcdA and TcdB, respectively). TcdA, an enterotoxin, and TcdB, a cytotoxin, represent two of the principal virulence factors of C. difficile ([@B3]), and both are expressed by most clinical isolates. Together, they disrupt the actin cytoskeleton of enterocytes in the gastrointestinal epithelium, resulting in fluid accumulation, inflammation, and severe tissue damage ([@B4]). Some strains of C. difficile produce an additional toxin called the binary toxin or CDT ([@B5]).

The prevalence and severity of CDI have increased significantly in most countries over the past 2 to 3 decades ([@B2], [@B6]). More than 370,000 cases occur every year in North America alone, with an estimated total cost exceeding \$6 billion ([@B7]). Currently, antibiotics are routinely recommended for the treatment of CDI (e.g., metronidazole, vancomycin, and fidaxomicin alone or in combination), despite the irony of treating a disease caused by antibiotics with further antibiotics. Recurrent CDI after treatment and severe CDI are significant problems that are poorly responsive to antibiotics ([@B8]). Effective control of CDI is complicated by asymptomatic carriage, including asymptomatic carriage after treatment, and by spores that can persist in the environment for prolonged periods.

Preventing CDI-associated morbidity and mortality requires new approaches, including the development of vaccines. Clostridium difficile is noninvasive, so CDI is largely a toxin-mediated disease. Indeed, the outcome of CDI in both animal models and humans is strongly correlated with the host antibody response to TcdA and/or TcdB ([@B9]). These toxins have therefore been a major focus of both active and passive immunotherapeutic strategies, and several toxin-based vaccines have advanced to phase II/III clinical trials ([@B10]). Of particular interest to the current studies, both preclinical work ([@B11], [@B12]) and clinical-stage work ([@B13]) support the idea of targeting the receptor binding domains (RBDs) of these toxins. Whether whole protein, toxoid, or RBD is used, however, most of the effort to elicit antitoxin responses has focused on the peripheral, intramuscular (i.m.) administration of these antigens. Furthermore, as is typical for nonliving vaccines, these candidates require an adjuvant and multiple doses over several months to achieve an adequate immune response ([@B10]).

Several groups have demonstrated the potential of oral vaccines to elicit protective responses to RBDs in animal models of CDI. For example, Guo et al. demonstrated that oral administration of a Lactococcus lactis strain expressing both the RBDs of TcdA and TcdB can elicit both IgA and IgG and protect mice from lethal challenge ([@B14]). In conceptually similar studies, Hong and colleagues showed that hamsters given Bacillus subtilis spores expressing the carboxy-terminal segment of TcdA orally (TcdA~26--39~) can be protected from C. difficile colonization by mucosal IgA ([@B15]). We considered that a locally invasive but highly attenuated Salmonella enterica serovar Typhimurium vector might be even more effective in the induction of local and systemic anti-RBD responses. The flagellin protein of *S*. Typhimurium has been proposed to be a general mucosal adjuvant through its action on Toll-like receptor 5 (TLR5) ([@B16]). Ghose and colleagues have shown that the *S*. Typhimurium flagellin protein (Flic) fused to TcdA or TcdB can elicit toxin-specific IgA and IgG and protect mice from lethal challenge ([@B17]). Other *Salmonella* products, such as lipopolysaccharide (LPS), would be expected to further enhance immune responses by triggering additional pathogen recognition receptors (PRRs; e.g., TLR4) ([@B18]). Live attenuated *Salmonella* strains have other potential advantages as vaccine vectors, including targeting of the intestinal M cells that overlie the gut-associated lymphoid tissues (GALT) ([@B19]) and invasion of macrophages, leading to the induction of both humoral and cellular responses to their foreign protein cargo ([@B20]). They also have a large carrying capacity and are easy to manipulate both in the laboratory and at an industrial scale.

In recent years, live attenuated *Salmonella* has increasingly been used to express foreign antigens against infectious diseases and cancers ([@B21][@B22][@B23]). Salmonella enterica is a facultative intracellular pathogen that replicates in a unique membrane-bound host cell compartment, the *Salmonella*-containing vacuole ([@B12]). Although this location limits the exposure of both *Salmonella* and foreign proteins produced by the bacterium to the immune system, the organism's type III secretion systems (T3SSs) can be exploited to translocate heterologous antigens into the host cell cytoplasm. Salmonella enterica encodes two distinct T3SSs within *Salmonella* pathogenicity islands 1 and 2 (SPI-I and SPI-II, respectively) that become active at different phases of infection ([@B24]). The SPI-I T3SS translocates effector proteins upon first contact of the bacterium with epithelium cells through to the stage of early cell invasion. In contrast, SPI-II expression is induced when the bacterium has been phagocytosed. Several effector proteins translocated by these T3SSs have been tested in the promotion of heterologous antigen expression in *Salmonella*-based vaccine development programs ([@B23], [@B25]), but how the effector protein-mediated secretion of heterologous antigens affects immune responses is still poorly understood. Although there is considerable experience in using the attenuated *S*. Typhi vaccine strain (Ty21a; Vivotif) in the delivery of heterologous antigens ([@B22]), we chose to use *S*. Typhimurium YS1646 as our candidate vector. This strain, originally named VNP20009, is attenuated by mutations in its *msbB* (LPS) and *purI* (purine biosynthesis pathway) genes and was originally developed as a tumor-targeting vector ([@B26]). With a major investment from Vion Inc., YS1646 was carried through preclinical and toxicity testing in rodents, dogs, and nonhuman primates before a phase I clinical trial, where it ultimately failed ([@B27]). More recently, YS1646 has been used to express a chimeric Schistosoma japonicum antigen in a murine model of schistosomiasis ([@B28]). Repeated oral administration of one of the engineered strains elicited a strong systemic IgG antibody response, induced antigen-specific T cells, and provided up to 75% protection against S. japonicum challenge.

In the current work, we exploited constitutive promoters and T3SS-specific promoters and secretory signals to generate 15 YS1646 strains with plasmid-based expression of the RBD portion of either TcdA or TcdB. These strains were screened for protein expression in monomicrobial culture and RAW 264.7 murine macrophages. The most promising constructs were advanced to immunogenicity testing in adult female C57BL/6 mice using different routes (e.g., recombinant protein i.m., YS1646 strains orally \[p.o.\]) and schedules (e.g., repeat dosing, multimodality, prime-pull) to achieve the best serologic response in the shortest period of time. Two of the YS1646 strains elicited strong systemic IgG responses and provided up to 100% protection from lethal challenge when administered in a multimodality schedule over 5 days (i.m. and p.o. on day 0 followed by p.o. boosting on days 2 and 4).

RESULTS {#s2}
=======

Transformed *S*. Typhimurium YS1646 expresses heterologous antigen. {#s2.1}
-------------------------------------------------------------------

Plasmids expressing the RBDs of toxin A (rbdA) or toxin B (rbdB) under the control of different promoters and secretory signals were constructed ([Fig. 1](#F1){ref-type="fig"}). The promoter-secretory signal combinations included SPI-I-specific (e.g., SopE2, SptP) and SPI-II-specific (e.g., SseJ, SspH2) pairings as well as pairings used by both the SPI-I and SPI-II secretory pathways (e.g., SteA, SteB, SspH1). Some of the secretory signals were also paired with the constitutively active or inducible promoters *nirB*, *pagC*, and *lac* ([Table 1](#T1){ref-type="table"}). All primers used in the study are listed in Table S1 in the supplemental material. A set of plasmids with the same promoter/secretory signal pairings but expressing enhanced green fluorescent protein (EGFP) was also constructed. All plasmids were transformed into *S*. Typhimurium YS1646.

![Generic plasmid map. The pQE_30 plasmid containing an ampicillin resistance gene was used as the backbone. The promoter and secretory signals were inserted between XhoI and NotI sites. The antigen sequence was inserted between NotI and AscI sites. Plasmids were between 3.4 kbp (pQE_null) and 7.5 kbp in size.](IAI.00089-19-f0001){#F1}

###### 

Plasmids used in this study

  Plasmid             Promoter   Secretory signal   Antigen
  ------------------- ---------- ------------------ ------------------
  pQE_null                                          
  pSopE2_SopE2_rbdB   *sopE2*    SopE2              TcdB~1821--2366~
  pSseJ_SseJ_rbdB     *sseJ*     SseJ               TcdB~1821--2366~
  pSptP_SptP_rbdB     *sptP*     SptP               TcdB~1821--2366~
  pSspH1_SspH1_rbdB   *sspH1*    SspH1              TcdB~1821--2366~
  pSspH2_SspH2_rbdB   *sspH2*    SspH2              TcdB~1821--2366~
  pSteA_SteA_rbdB     *steA*     SteA               TcdB~1821--2366~
  pSteB_SteB_rbdB     *steB*     SteB               TcdB~1821--2366~
  ppagC_SspH1_rbdB    *pagC*     SspH1              TcdB~1821--2366~
  pSspH2_SspH2_rbdA   *sspH2*    SspH2              TcdA~1820--2710~
  plac_SopE2_rbdA     *lac*      SopE2              TcdA~1820--2710~
  plac_SspH1_rbdA     *lac*      SspH1              TcdA~1820--2710~
  pnirB_SopE2_rbdA    *nirB*     SopE2              TcdA~1820--2710~
  pnirB_SspH1_rbdA    *nirB*     SspH1              TcdA~1820--2710~
  ppagC_SopE2_rbdA    *pagC*     SopE2              TcdA~1820--2710~
  ppagC_SspH1_rbdA    *pagC*     SspH1              TcdA~1820--2710~

Using the EGFP-expressing strains, we screened for antigen expression in monomicrobial culture and during *in vitro* infection of murine RAW 264.7 macrophages. Most strains produced detectable EGFP in monomicrobial culture (summarized in Table S2). The YS1646 candidates were readily macropinocytosed, and a fluorescent signal was detected for all of the EGFP-expressing strains ([Fig. 2a](#F2){ref-type="fig"}). Expression varied considerably between strains, with the strongest signal being driven by the pagC_SspH1_EGFP construct. Some constructs (e.g., SspH2_SspH2_EGFP) had good initial EGFP expression, but survival and/or replication in the macrophages was markedly reduced at 24 h postinfection.

![Transformed YS1646 strains expressed heterologous antigen. (a) EGFP-expressing strains of YS1646 were added to RAW 264.7 macrophages *in vitro* and visualized 24 h later using a fluorescence microscope. Images are representative of two repeats. (b and c) Antigen expression was examined by Western blotting from YS1646 strains transformed with rbdA (b) and rbdB (c) plasmids. Samples were collected after 16 h of growth in LB and 1 h and 24 h after infection of RAW 264.7 macrophages. Gels were run with a positive control (recombinant RBD antigen, without secretion signals, produced in E. coli), and the film was exposed for 2 min. The increased sizes of the RBDs produced in YS1646 are consistent with the secretion signals that were not cleaved. Mice were immunized with a dose of 10 μg recombinant antigen (rrbdA and/or rrbdB) intramuscularly and three doses of 1 × 10^9^ CFU of antigen expressing YS1646 (pagC_SspH1_rbdA and/or SspH2_SspH2_rbdB) orally every other day. (d and e) Serum was collected at 3 to 4 weeks after vaccination, and toxin A-specific IgG (d) and rrbdB-specific IgG (e) were detected by ELISA (*n* = 21 to 28, 4 repeats). Data are presented as the mean and standard deviation (SD). (f and g) Intestines were collected 5 weeks after vaccination, and toxin A-specific IgA (f) and rrbdB-specific IgA (g) were detected by ELISA (*n* = 4 to 5, one repeat). Data are presented as the mean and standard error of the mean (SEM) value from which the mean of the PBS control was subtracted. The Kruskal-Wallis test and Dunn's multiple-comparison test were used to compare all groups. All *P* values are by comparison to the PBS control group. \*, *P* \< 0.05; \*\*\*\*, *P* \< 0.0001.](IAI.00089-19-f0002){#F2}

Expression of the targeted C. difficile RBDs in monomicrobial culture and murine macrophages was examined by Western blotting at 1 and 24 h postinfection. Modest production of rbdA and rbdB could be documented by most strains in monomicrobial culture, but very few strains had detectable antigen expression during macrophage infection (rbdA in [Fig. 2b](#F2){ref-type="fig"} and rbdB in [Fig. 2c](#F2){ref-type="fig"}; summarized in Table S2). For example, the pagC_SspH1 pairing drove strong expression of both antigens in broth and at 1 h postinfection in the murine macrophages, but the SspH2_SspH2 pairing failed to drive detectable rbdB expression, and the level of rbdA production was barely detectable only in monomicrobial culture. Secretion of the RBDs into extracellular medium was examined in monomicrobial culture (Table S2). Only pagC_SspH1_rbdA had detectable antigen secretion. The lack of secretion detection may have been due to low levels of expression in the cells.

The most promising constructs were advanced to mouse immunogenicity testing. Since neither monomicrobial culture nor RAW 264.7 cells are adequate models for the low-oxygen-tension and polymicrobial environment of the gastrointestinal tract, we included some of the apparently negative constructs in the *in vivo* immunogenicity testing.

rbdA and rbdB delivered by YS1646 in combination with recombinant rbdA and rbdB are highly immunogenic in mice. {#s2.2}
---------------------------------------------------------------------------------------------------------------

Using the rapid induction of serum antigen-specific IgG as our principal screening tool, a multimodal schedule was identified to be the most promising vaccination strategy. This schedule was comprised of a single i.m. dose of the recombinant RBD (rrbd) on day 0 with 3 p.o. doses of the corresponding RBD-expressing strain on days 0, 2, and 4. When sera were collected 3 to 4 weeks after vaccination using this schedule, rbdA-specific ([Fig. 2d](#F2){ref-type="fig"}) and rbdB-specific ([Fig. 2e](#F2){ref-type="fig"}) IgG titers were consistently elevated. The IgG responses generated were consistently higher than those achieved by recombinant antigen delivered i.m. and the pQE_null strain delivered p.o., but these differences did not reach statistical significance (*P* = 0.1727 for rbdB). In contrast, mice that received only the three p.o. doses of YS1646 strains bearing the RBD antigens had no detectable serum IgG response. Despite the failure to induce IgG with p.o. vaccination, three doses of YS1646 on alternate days could nonetheless prime for a significant response to a subsequent i.m. booster dose delivered 3 weeks later (data not shown). Both the multimodal and oral-only vaccination schedules generated higher rbdA-specific IgA ([Fig. 2f](#F2){ref-type="fig"}) and rbdB-specific IgA ([Fig. 2g](#F2){ref-type="fig"}) levels in the intestinal tissues than delivery of the recombinant antigen intramuscularly, although the differences did not reach statistical significance with the relatively small number of animals used in these experiments. Interestingly, mice vaccinated against only one toxin tended to have higher IgA antibody titers against that toxin than mice vaccinated against both toxins, raising the possibility of some degree of antigen interference.

Selection of candidate YS1646 strains for challenge testing. {#s2.3}
------------------------------------------------------------

The combined screening studies identified two YS1646 constructs that were carried forward into challenge testing (pagC_SspH1_rbdA and SspH2_SspH2_rbdB) (Table S2). Since oral immunization generated intestinal IgA ([Fig. 2f](#F2){ref-type="fig"} and [g](#F2){ref-type="fig"}) and was able to prime animals for a strong systemic IgG response to a subsequent i.m. boost (data not shown), we included p.o. only groups in challenge studies, in addition to the multimodality i.m. plus p.o. schedule.

YS1646-vectored rbdA and rbdB vaccines protect mice from lethal C. difficile challenge. {#s2.4}
---------------------------------------------------------------------------------------

At 5 weeks after vaccination, mice were challenged with a lethal dose of C. difficile vegetative cells and monitored for weight loss, clinical score, and death. Overall, 67% of the phosphate-buffered saline (PBS)-treated control group succumbed to infection at between 36 and 72 h postinfection ([Fig. 3a](#F3){ref-type="fig"}). Only 18% of the mice that received three p.o. doses of the pagC_SspH1_rbdA and SspH2_SspH2_rbdB strains succumbed to the infection. All other vaccinated groups had 100% survival ([Fig. 3a](#F3){ref-type="fig"}). The recovery of animals that survived appeared to be complete: surviving mice recovered their original body weight. Mice were followed for up to 3 weeks after infection, and no relapses were observed. During infection, mice were clinically scored 1 to 3 times daily ([Fig. 3b](#F3){ref-type="fig"}). Although the group vaccinated with rrbdA plus rrbdB i.m. and the pQE_null strain p.o. had 100% survival, 71% of these mice were severely ill, achieving a score of 12 or higher (a score of 14 was the animal care cutoff for the humane endpoint). The proportion of severely ill mice in groups that received any antigen-expressing YS1646 strain with an i.m. dose of recombinant protein was consistently much lower (0% to 14%). None of the animals in the group that received rrbdB i.m. plus three doses of the SspH2_Ssph2_rbdB strain p.o. experienced severe illness. All mice had very low or completely normal clinical scores by 6 days postinfection. There was a strong negative correlation between serum anti-rbdB IgG both before and after challenge and the highest clinical score achieved by individual mice ([Fig. 2e](#F2){ref-type="fig"}; Fig. S1b and d; Table S3). Our results suggest that in our mouse model, an immune response directed toward TcdB is sufficient to obtain effective protection from C. difficile challenge.

![Vaccination with receptor binding domain (rbd) antigens protected against C. difficile challenge. Mice were immunized with a dose of 10 μg of recombinant antigen (rrbdA and/or rrbdB) intramuscularly and three doses of 1 × 10^9^ CFU of antigen expressing YS1646 (pagC_SspH1_rbdA and/or SspH2_SspH2_rbdB) orally every other day. At 5 weeks after vaccination, mice were challenged p.o. with freshly cultured C. difficile (1.97 × 10^5^ CFU and 1.70 × 10^7^ CFU). Mice were clinically scored 1 to 3 times daily by an observer blind to the treatment. A score of ≥14/20 and/or a \>20% loss of the starting body weight was considered the humane endpoint. Survival (a) and clinical scores (b) are shown (*n* = 7 to 12, 2 repeats). The log-rank (Mantel-Cox) test was used to compare all groups to the PBS control group. Correction of the *P* value for multiple comparisons was done using the Bonferroni method. \*, *P* \< 0.01 compared to the PBS control group.](IAI.00089-19-f0003){#F3}

The combined i.m. and p.o. schedules also elicited small but detectable increases in antigen-specific IgA levels in the intestinal tissues after challenge, although the increase reached statistical significance only for the animals vaccinated against rbdB alone (*P* \< 0.05 versus the control group) (Fig. S1c and d). Interestingly, the intestinal anti-rbdB IgA levels tended to be slightly lower in the animals that received both of the YS1646 constructs p.o. than in those vaccinated only against rbdB ([Fig. 2f](#F2){ref-type="fig"}; Fig. S1d), although this difference also failed to reach statistical significance.

DISCUSSION {#s3}
==========

The pathology associated with CDI is thought to be toxin mediated ([@B3]), and there are strong precedents for the efficacy of vaccine-induced antitoxin antibodies in the prevention or modification of toxin-mediated diseases (e.g., tetanus, diphtheria, cholera) ([@B29], [@B30]). Indeed, an anti-TcdB monoclonal antibody (bezlotoxumab \[Zinplava; Merck\]) has recently been shown to reduce the frequency of recurrent C. difficile disease ([@B31]). In addition to passive immunotherapy, the generation of antitoxin antibodies is also the predominant strategy being pursued by both large and small pharmaceutical companies with an interest in developing C. difficile vaccines ([@B10]). However, the most advanced of these candidate vaccines require multiple doses of antigen with an adjuvant over several months to achieve high serum antibody concentrations ([@B10], [@B32]). Furthermore, even though CDI is a disease of the gastrointestinal mucosa, none of these candidates would be expected to generate an effective mucosal immune response. Both in theory and as demonstrated in the current work, the delivery of the same C. difficile toxin antigens using a live attenuated *S*. Typhimurium vector has the potential to induce both local and systemic immunity. There are several groups working on delivering C. difficile antigen at the mucosal surface ([@B15], [@B33]). Recently, Wang et al. used a nontoxigenic C. difficile strain to target TcdB and TcdA ([@B33]). They found that after 3 doses delivered every 2 weeks, their vaccine candidate was effective at protecting mice and hamsters. In this study, we provide a proof of concept that a multimodality vaccination schedule using a single i.m. dose of recombinant toxin A and/or toxin B receptor binding domain proteins with p.o. delivery of YS1646 bearing the same RBD antigens over a 5-day period can rapidly induce both systemic and mucosal responses and protect mice from an otherwise lethal challenge. Although the amount of IgA present in the intestinal tissues after vaccination was relatively low after YS1646 vaccination, the induction of an effective local immune response by these vaccines was strongly supported by the fact that oral vaccination alone provided substantial protection, despite the absence of detectable serum antibodies prior to challenge.

Although they are logistically more complicated and considered inelegant by some, heterologous prime-boost and multimodality vaccination strategies are gaining traction for a wide range of infections and other complex conditions, such as cancers ([@B34][@B35][@B36]). Of particular interest to the current proposal, such combined-modality approaches have shown promise in eliciting effective immune responses against mucosal pathogens, such as human immunodeficiency virus/simian-human immunodeficiency and influenza virus ([@B35], [@B36]). Combined-modality strategies may also have a place in toxin-mediated diseases in which high titers of preformed antibodies are needed, such as in Clostridium perfringens infection ([@B37]), or when a rapid but sustained response is desirable, such as in Ebola ([@B38]). These new approaches have the potential to enhance the character, kinetics, and durability of the response ([@B39]). While simpler vaccination strategies will certainly be carried forward as our candidate vaccines advance into larger-animal models ([@B40], [@B41]), toxicity testing, and, ultimately, clinical trials, the multimodality method that we developed in the murine model would be relatively easy to administer to the typical person who might benefit from a C. difficile vaccine, i.e., those in or entering a long-term-care facility ([@B42]) or being prepared for elective surgery. Only one face-to-face clinic/office visit would be needed to receive the i.m. vaccine and the first (supervised) p.o. vaccine, after which the remaining two p.o. doses on alternate days could be taken autonomously (as is currently the practice for the live attenuated *S*. Typhi Ty21a vaccine). The long clinical experience with Ty21a also confirms the feasibility of delivering attenuated *Salmonella* to the intestinal tissues ([@B22]). Although such a rapid vaccination schedule would likely increase compliance, it is also possible that the durability of the response would be compromised ([@B43]). Clearly, long-term follow-up studies will be needed to more completely evaluate the optimal vaccination strategy for the YS1646 vaccine candidates.

While still early in development, there are certainly safety concerns in potentially exposing elderly or debilitated individuals to a live attenuated bacterium as a vaccine vector. Several of the immunological and physiological factors that put the elderly at risk for C. difficile infection also make a live attenuated vaccine that targets the gut mucosa a potential risk. Even though wild-type *S*. Typhimurium typically causes only mild disease localized to the gastrointestinal tract in humans ([@B22]), it can sometimes cause invasive disease with serious outcomes ([@B44]). The YS1646 strain that is the backbone of our vaccine platform carries mutations of both an LPS gene (*msbB*) and a part of the purine production machinery (*purI*) that render it highly attenuated ([@B27]). Although the mechanisms of attenuation differ, the live attenuated Ty21a *S*. Typhi vaccine has an excellent safety record, even in elderly subjects ([@B22]). In the critical development pathway of YS1646 as a possible anticancer agent in the early 2000s, this strain proved to be safe in multiple small-animal models (e.g., mice, rats) and large-animal models (e.g., dogs, rhesus macaques) (D. Bermudes, unpublished data) before it was permitted to advance to a phase I clinical trial ([@B27]). In this trial, a single dose of up to 3 × 10^8^ CFU of YS1646 was administered intravenously to 24 subjects with metastatic melanoma or renal cell carcinoma without any major safety signals. Most of the subjects in this trial cleared YS1646 from their bloodstream in \<12 h ([@B27]). It was subsequently suggested that an unexpected susceptibility of YS1646 to the physiologic levels of CO~2~ present in human tissues (∼5%) may have contributed to its failure as a cancer therapy ([@B45]). In contrast to the need for YS1646 to disseminate and replicate actively in tumor tissues as an anticancer agent, to be an effective vaccine vector, YS1646 needs to invade locally and express the targeted antigen in the GALT for only a short period of time ([@B22]). Of course, a necessary step prior to the use of YS1646 as a candidate C. difficile vaccine will be chromosomal integration of the most promising TcdA and TcdB RBD constructs; this work is under way. Although chromosomal integration will reduce the copy number of our target gene and, therefore, protein expression, we will try to mitigate these effects through the use of strong promoters (e.g., P*pagC*) and the integration of tandem repeats for both antigens. Since several of our current candidates were able to elicit immune responses, despite undetectable antigen production *in vitro*, we are optimistic that we will be able to design chromosomally integrated strains that are immunogenic. To our knowledge, the only other clinical experience with attenuated *S*. Typhimurium is that of Hindle et al., who exposed a small number of human subjects to a single oral dose of up to 1 × 10^9^ CFU of a strain bearing *aroC* and SPI-II T3SS mutations without dissemination or ill effects ([@B46]). Hindle et al. observed asymptomatic shedding of an attenuated *S*. Typhimurium strain for 3 weeks in the feces of patients, with all shedding ending by week 4 after vaccination ([@B46]). Although YS1646 has different attenuating mutations and may have a different colonization profile in humans after oral delivery, the asymptomatic persistence of this *S*. Typhimurium strain was also demonstrated for at least 1 week in a small proportion of subjects after intravenous delivery in the early anticancer phase I trial ([@B27]). While we acknowledge that the question of colonization/persistence will eventually need to be addressed with regulators should a YS1646-vectored C. difficile vaccine enter into clinical trials, the mere fact of persistence does not automatically disqualify a vaccine candidate. Indeed, several of the live attenuated vaccines on the market are routinely shed by vaccinees for longer than a week. These include the rotavirus vaccine, which is shed for up to 9 days postvaccination ([@B47]); the measles vaccine, which can be detected for at least 14 days ([@B48]); the oral polio vaccine, which can persist for several months ([@B49]); and the varicella vaccine, which causes a life-long latent infection ([@B50]).

This study has several limitations. First, there is no perfect small- or large-animal model for human CDI ([@B40], [@B41]). Although mice are widely considered to be one of the most informative models, mice are also the natural host for *S*. Typhimurium. Indeed, *S*. Typhimurium infection in mice is commonly used as a model for human typhoid fever caused by *S*. Typhi ([@B51]). As a result, the degree to which an attenuated *S*. Typhimurium strain, such as YS1646, will have a similar profile of attenuation in mice and humans is unknown. Indeed, although mice remained completely healthy during and after oral vaccination, we observed colonization of the spleen and liver by some of the YS1646 strains carrying either TcdA or TcdB constructs for 1 to 2 weeks after vaccination (data not shown). Although we do not expect to see such dissemination in humans due to the CO~2~ sensitivity of YS1646, it is certainly possible that the immunity generated in response to persistent antigen expression over days to weeks will differ from that induced by a shorter exposure. Such persistence may not occur in other models, such as the gnotobiotic piglet ([@B40], [@B41]), which has been used as a large-animal model for C. difficile infection. Second, the relative sensitivity of the different animals used in C. difficile studies and humans to the major C. difficile toxins is not fully consistent ([@B52]). Nonetheless, it is likely that both TcdA and TcdB contribute to pathology in the mouse model that we are using and in humans ([@B53]). As a result, we are optimistic that our findings in the murine model will predict outcomes in humans, and our goal is to develop a YS1646-based vaccine that can provide protection against both TcdA and TcdB. Finally, the choice of optimal promoter-secretory signal pairings for *in vivo* expression of the RBD antigens is complicated by our inability to truly reflect the conditions to which the YS1646 strains will be exposed in the human gastrointestinal tract and the GALT. We have tried to mitigate this risk by using a multilayered screening process but acknowledge that we have already identified constructs that do not appear to produce the targeted RBD *in vitro* (in monomicrobial culture or RAW 264.7 cells) but still elicit strong antibody responses in the mouse model.

In this work, we describe the repurposing of a live attenuated *S*. Typhimurium strain (YS1646) as a vaccine vector to target the major toxins of C. difficile. When administered in a 5-day, multimodality schedule (i.m. 1 time, p.o. 3 times), these candidate vaccines elicited high serum IgG titers and provided complete protection from lethal challenge in a mouse model. This proof-of-concept study supports the further development of these candidate vaccines by chromosomal integration of the two most promising constructs (SspH2_Ssph2_rbdB and pagC_SspH1_rbdA), evaluation in the gnotobiotic piglet model ([@B40], [@B41]), and toxicity testing. If these next steps are successful, a phase I human study with a mixed TcdA-TcdB vaccine will be pursued.

MATERIALS AND METHODS {#s4}
=====================

Bacterial strains and growth conditions. {#s4.1}
----------------------------------------

Salmonella enterica Typhimurium YS1646 (Δ*msbB2* Δ*purI* Δ*Suwwan xyl* negative; ATCC 202165; ATCC, Manassas, VA) was obtained from Cedarlane Labs (Burlington, ON, Canada). Escherichia coli DH5α (Thermo Fisher Scientific, Eugene, OR) was used for the production of recombinant plasmids. Plasmids were introduced into E. coli or YS1646 by electroporation (2 μg of plasmid at 3.0 kV, 200 Ω, and 25 μF; GenePulser XCell, Bio-Rad, Hercules, CA, USA). Transformed bacteria were grown in Luria broth (LB) with 50 μg/ml of ampicillin (Wisent, St. Bruno, QC, Canada) for cells containing plasmids with the pQE_30 backbone.

Clostridium difficile strain VPI 10463 (ATCC 43255) was obtained from Cedarlane Labs and used for the challenge experiments. Cells were maintained in meat broth (Sigma-Aldrich, St. Louis, MO) containing 0.1% (wt/vol) [l]{.smallcaps}-cysteine (Sigma-Aldrich) in an anaerobic jar. For colony counts, C. difficile-containing medium was serially diluted and streaked onto prereduced brain heart infusion (BHIS) plates (BD Biosciences, Mississauga, ON, Canada) containing 0.1% (wt/vol) [l]{.smallcaps}-cysteine. The bacteria were left to grow on the plates at 37°C in an anaerobic jar for 24 h.

Plasmid construction. (i) Vaccine candidate plasmids. {#s4.2}
-----------------------------------------------------

The pQE_30 plasmid backbone containing an ampicillin resistance gene used for antigen expression in the vaccine candidates was cloned from the plasmid roGFP_IL_pQE30, a gift from David Ron (plasmid number 48633; Addgene) ([@B54]). PCR was used to obtain the SopE2, SptP, SseJ, SspH1, SspH2, SteA, and SteB promoter and secretory signal sequences from YS1646. The *pagC* promoter from YS1646 and the *nirB* promoter from E. coli were also PCR amplified. The *lac* promoter was incorporated into the 5′ PCR primer. The antigenic C-terminal ends of the receptor binding domains for toxin A (TcdA~1820--2710~) and toxin B (TcdB~1821--2366~) were amplified by PCR from C. difficile VPI 10463. Restriction sites were incorporated 5′ of the promoters (XhoI), between the secretory signal and the antigen (NotI), and at the 3′ end of the antigen sequence (AscI) ([Fig. 1](#F1){ref-type="fig"}). The primers used are listed in Table S1 in the supplemental material. DNA sequencing confirmed that plasmids had the expected sequence (McGill University Genome Centre, Montreal, QC, Canada). The EGFP antigen was cloned from the plasmid pEGFP_C1 (Clontech, Mountain View, CA) with the NotI and AscI sites incorporated into the primers. All plasmids are named based on the promoter, secretory signal, and antigen used, and these are described in [Table 1](#T1){ref-type="table"}. The unedited pQE_30 plasmid was transformed into YS1646 as a control and is referred to as pQE_null.

(ii) Recombinant TcdA and TcdB expression. {#s4.3}
------------------------------------------

Protein expression and purification of recombinant TcdA~1820--2710~ (rbdA) and TcdB~1821--2366~ (rbdB) were accomplished using the pET-28b plasmid (Novagen, Millipore Sigma, Burlington, MA) with an isopropyl-β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG)-inducible promoter and kanamycin resistance gene. A 6× His tag and stop codon were added at the 3′ end. The expression vector was transformed into E. coli C2566l (New England BioLabs, Whitby, ON, Canada) as described above. Transformed bacteria were grown in a 37°C shaking incubator with 30 μg/ml of kanamycin (Wisent), until the optical density (absorbance) at 600 nm (OD~600~) reached 0.5 to 0.6. IPTG (Invitrogen, Carlsbad, CA) was then added, and expression was induced for 3 to 4 h. Cells were pelleted by centrifugation at 3,000 × *g* for 10 min at 4°C. The cells were lysed, and the lysate was collected and purified using Ni-nitrilotriacetic acid (NTA) affinity chromatography (Ni-NTA Superflow; Qiagen, Venlo, Limburg, Netherlands). The eluate was analyzed by Coomassie blue staining of polyacrylamide gels and Western blotting using a monoclonal antibody directed against the His tag (Sigma-Aldrich).

Macrophage infection. {#s4.4}
---------------------

RAW 264.7 cells (ATCC TIB-71) were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM; Wisent) supplemented with 10% fetal bovine serum (FBS), penicillin (100,000 U/ml), and streptomycin (100 μg/ml; Wisent); cells were passaged when they reached ∼90% confluence. For each passage, cells were washed with Hanks' balanced salt solution (HBSS) without calcium and magnesium (Wisent) and detached from the flasks using 0.25% trypsin (Wisent). RAW 264.7 cells were seeded in Falcon polystyrene 12-well plates (Corning Inc., Corning, NY) at a density of 1 × 10^6^ cells/well for infection experiments 24 h later. RAW 264.7 cells were infected at a multiplicity of infection (MOI) of either 40 or 100. For Western blotting, cells were then incubated at 37°C in 0% CO~2~, as YS1646 is sensitive to increased CO~2~ levels. Infection was allowed to proceed for an hour, and then the cells were washed 3 times with PBS and resuspended in DMEM to which 50 μg/ml of gentamicin (Wisent) was added to kill extracellular YS1646. After 2 h, the gentamicin concentration was lowered to 5 μg/ml.

(i) Fluorescence (EGFP) microscopy. {#s4.5}
-----------------------------------

RAW 264.7 cells, plated on 8-well microscope chamber slides (Eppendorf, Hamburg, Germany) at 1.8 × 10^5^ cells/chamber, were infected at an MOI of 40 with YS1646 strains transformed with the EGFP constructs. Infected cells were incubated at 37°C in 5% CO~2~. At 24 h after infection, cells were stained with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) and fixed with 4% paraformaldehyde (Sigma-Aldrich). A Zeiss LSM780 laser scanning confocal microscope was used for imaging (a 405-nm laser for excitation of DAPI, a 488-nm laser for excitation of EGFP), and acquisition and processing were performed using ZEN software (Zeiss, Toronto, ON, Canada).

(ii) Western blotting. {#s4.6}
----------------------

For antigen expression in monomicrobial culture, the transformed YS1646 strains were grown overnight in LB with 50 μg/ml of ampicillin at 37°C in 0% CO~2~, centrifuged at 21,130 × *g* for 10 min, resuspended in PBS, and then mixed in with NuPAGE lithium dodecyl sulfate (LDS) sample buffer (Invitrogen) according to the manufacturer's instructions. For antigen expression in RAW 264.7 macrophages, infection was allowed to proceed for either 1 h or 24 h. Samples were then collected, centrifuged, resuspended in PBS, and mixed with sample buffer as described above. All samples were heated for 10 min at 70°C and then cooled on ice. Proteins were separated on a 4 to 12% Bis-Tris protein gel (Invitrogen) and transferred to nitrocellulose membranes using a Trans-Blot Turbo RTA mini-nitrocellulose transfer kit (Bio-Rad, Hercules, CA). For detection of TcdA~5458--8130~ and TcdB~5461--7080~, the membranes were incubated first with anti-toxin A chicken IgY (1:5,000; Abnova, Taipei, Taiwan) and anti-toxin B chicken IgY (1:10,000; Abnova) antibodies, respectively, followed by goat anti-chicken IgY conjugated to horseradish peroxidase (1:10,000; Thermo Fisher Scientific). Immunoreactive bands were visualized using the SuperSignal West Pico Plus chemiluminescent substrate (Thermo Fisher Scientific) and autoradiography film (Denville Scientific, Holliston, MA).

Mice. {#s4.7}
-----

Six- to 8-week-old female C57BL/6J mice were obtained from Charles River Laboratories (Montreal, QC, Canada) and were kept under pathogen-free conditions in the Animal Resource Division at the McGill University Health Center Research Institute (RI-MUHC). All animal procedures were approved by the Animal Care Committee of McGill University and performed in accordance with the guidelines of the Canadian Council on Animal Care.

(i) Vaccination. {#s4.8}
----------------

For oral vaccinations, mice were gavaged with 1 × 10^9^ CFU of the YS1646 strains in 0.2 ml of PBS (days 0, 2, and 4). When both strains were given, 5 × 10^8^ CFU of each strain was used, for a total of 1 × 10^9^ CFU of YS1646 given in 0.2 ml of PBS. Intramuscular (i.m.) injections contained a total of 10 μg of recombinant protein and 250 μg of aluminum hydroxide gel (alum; Alhydrogel; Brenntag BioSector A/S, Frederikssund, Denmark) in 50 μl, which was administered into the gastrocnemius muscle using a 28-gauge needle.

(ii) Blood and intestine sampling. {#s4.9}
----------------------------------

Baseline serum samples were collected from the lateral saphenous vein prior to all other study procedures using Microtainer serum separator tubes (Sarstedt, Nümbrecht, Germany). Serum samples were also collected from the mice at the end of the study by cardiac puncture after isoflurane-CO~2~ euthanasia. Serum separation was performed according to the manufacturer's instructions, and aliquots were stored at −20°C until they were used. At study termination, 10 cm of the small intestine, starting at the stomach, was collected. Intestinal contents were removed, and the tissue was weighed and stored in a protease inhibitor (PI) cocktail (catalog number P8340; Sigma-Aldrich) at a 1:5 (wt/vol) dilution on ice until it was processed. The tissue was homogenized (Homogenizer 150; Fisher Scientific, Ottawa, ON, Canada) and centrifuged at 2,500 × *g* at 4°C for 30 min, and the supernatant was collected. Supernatants were stored at −80°C until they were analyzed by enzyme-linked immunosorbent assay (ELISA). For postchallenge data, samples were collected from survivors at 3 weeks after infection.

(iii) Clostridium difficile challenge. {#s4.10}
--------------------------------------

C. difficile challenge experiments were performed essentially as described previously ([@B55], [@B56]). Briefly, mice were preadapted to acidic water by adding acetic acid at a concentration of 2.15 μl/ml (vol/vol) to their drinking water 1 week prior to antibiotic treatments. At 6 days prior to infection, an antibiotic cocktail that included metronidazole (0.215 mg/ml; Sigma-Aldrich), gentamicin (0.035 mg/ml; Wisent), vancomycin (0.045 mg/ml; Sigma-Aldrich), kanamycin (0.400 mg/ml; Wisent), and colistin (0.042 mg/ml; Sigma-Aldrich) was added to the drinking water. After 3 days, regular water was returned, and at 24 h prior to infection, mice received clindamycin (32 mg/kg of body weight; Sigma-Aldrich) intraperitoneally in 0.2 ml of PBS using a 28-gauge needle. Fresh C. difficile cultures were used in our challenge model so that the dose used was estimated on the day of infection based on OD~600~ values and the precise inoculum was calculated 24 h later. This procedure led to the use of different C. difficile doses in the two challenge studies performed (1.7 × 10^7^ or 1.97 × 10^5^ CFU/mouse). The challenge dose was delivered by gavage in 0.2 ml of meat broth culture medium. The mice were then monitored and scored 1 to 3 times daily for weight loss, activity, posture, coat quality, diarrhea, and eye/nose symptoms ([@B56]). Mice with a score of 14/20 or above and/or with a ≥20% weight loss were considered at a humane endpoint and were euthanized. Any mouse found dead was given a score of 20. Survivors were followed and euthanized approximately 3 weeks after infection.

Antibody quantification. {#s4.11}
------------------------

Whole toxin A (List Biologicals, Campbell, CA) or recombinant rbdB was used to coat U-bottom high-binding 96-well ELISA plates (Greiner Bio-One, Frickenhausen, Germany). A standard curve was generated for each plate using mouse IgG antibodies (Sigma-Aldrich) or mouse IgA antibodies (Sigma-Aldrich). The plates were coated with 50 μl of toxin A (1.0 μg/ml), rrbdB (0.25 μg/ml), or IgG/IgA standards overnight at 4°C in 100 mM bicarbonate/carbonate buffer (pH 9.5). The wells were washed with PBS 3 times and then blocked with 150 μl of 2% bovine serum albumin (BSA; Sigma-Aldrich) in PBS--Tween 20 (0.05%; blocking buffer; Fisher Scientific) for 1 h at 37°C. Serum samples were heat inactivated at 56°C for 30 min before dilution 1:50 in blocking buffer. Intestinal supernatants were added to the plates neat. All sample dilutions, including dilutions for the standard curve, were assayed in duplicate (50 μl/well). The plates were incubated for 1 h at 37°C and then washed 4 times with PBS prior to the addition of either horseradish peroxidase (HRP)-conjugated anti-mouse total IgG antibodies (75 μl/well at 1:20,000 in blocking buffer; Sigma-Aldrich) or HRP-conjugated anti-mouse IgA antibodies (75 μl/well at 1:10,000 in blocking buffer; Sigma-Aldrich). The plates were incubated for 30 min (IgG) or 1 h (IgA) at 37°C. Six washes with PBS were performed before the addition of 100 μl/well of 3,3′,5,5′-tetramethylbenzidine (TMB) detection substrate (Millipore, Billerica, MA). Reactions were stopped after 15 min with 50 μl/well of 0.5 M H~2~SO~4~. The plates were read at 450 nm on an EL800 microplate reader (BioTek Instruments Inc., Winooski, VT). The concentration of antigen-specific antibodies in each well (in nanograms per milliliter) was estimated by extrapolation from the standard curve.

Statistical analysis. {#s4.12}
---------------------

Statistical analysis was performed using GraphPad Prism (version 6) software. For analysis of antibody titers, a one-way nonparametric Kruskal-Wallis analysis of variance was performed with Dunn's multiple-comparison analysis for comparison of all groups. Statistical significance was considered to have been achieved when *P* was ≤0.05. Data are presented as the means ± standard deviations (SD) or the means ± standard errors of the means (SEM). For analysis of survival, the log-rank (Mantel-Cox) test was used to compare all groups to the PBS control group. The Bonferroni method was used to correct for multiple comparisons. In Table S3, correlations are based on Spearman's *r* coefficient (nonparametric), 95% confidence intervals were calculated, and two-tailed *P* values were determined.

Data availability. {#s4.13}
------------------

The data that support the findings of this study are available from the corresponding author upon reasonable request.
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###### Supplemental file 1

Supplemental material for this article may be found at <https://doi.org/10.1128/IAI.00089-19>.
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